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3-D PTV is the abbreviated name of the three-dimensional particle 
tracking velocimetry. The PTV technique is one of the particle imaging 
velocimetry (so called PlY) which has been recognized as one of the 
most advanced techniques for fluid flow velocity measurement because 
of its strong points of (1) instantaneous whole field (multi-point) 
velocity measurement, (2) contact free measurement, (3) fully-
automatic measurement, and (4) low cost measuring system in 
comparison with the other one point measurement techniques such as 
LDV (Laser Doppler Velocimeter) and hot wire anemometry, 
Although the two-dimensional (2-D) PIV techniques including PIV 
have become more and more popular and are employed in many 
laboratories and practical industries, the three-dimensional (3-D) PIV 
techniques including 3-D PTV have not been completed yet. 
The principle of the PIV technique is based on the image analysis of 
particles which are put in the fluid to visualize the fluid flow. PIV has 
been developed with the supporting backgrounds of the advanced 
techniques of video, television, image processor, computer and laser as 
the lighting system. 
The present report was prepared for the text of "the International 
Workshop on 3-D PIV" which was organized by Dr. J. C. Kent and 
held at Ford Research Laboratory, Dearborn, U.S.A. on 14-17 August, 
1994. One of the author (F. Yamamoto) was one of the invited 
speakers at the workshop and explained( 1) his groups 3-D PTV 
technique, so called binary image cross-correlation method,(2) stereo 
pair matching technique, and(3) future aspects of 3-D PlY, entitled 
"Challenges in 3-D Flow Field Measurements". 
The present report describes the preview of the most recent 
research achievements done by the top leaders in the field of PIV and 
proposes new problems in order to promote successful development of 
3-D PTV technique and stimulate innovative science and engineering. 
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** Foreign Researcher (16 April - 11 July, 1994) 
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1 Recent key-note and preview lectures, books 
During RIS0 Seminar (1993), Dr.R.D.Keane (University of Illinois) 
presented preview of correlation methods [1] and their applications in 
experimental fluid mechanics [2]. Only 2D methods were analyzed 
deeper, but two examples of 3D PIV of Adrian et.al works, employing 
stereoscopic camera for flow measurements under a rotating disc [3] and 
holographic PIV optics used to obtain 10 planes x 200 vectors in fully 
developed turbulent pipe flow. His paper includes very clear scheme of 
PIV methods. 
During last 6th Lisbon Symposium (1992) no general paper on 3DPIV 
was presented. Beside Adrian paper, other papers dealt with holographic 
methods in PIV. 
The latest 6ISFV (1992) included special lecture of Chen et.al [4] and 
two key-note lectures by Dracos and Malik [5] and Kasagi and Sata [6]. 
According to Chen et.al (Iowa, Florida, Taiwan, Korea) [4] 3D PIV is just 
beginning to develop and presently, 3D flow field is reconstructed from 
series of 2D quantitative visualizations. Authors quote the most 
important techniques and algorithms employed and give examples of 
successful applications of PIV. They present some of own results for 3D 
flow. Finally, they anticipate that 3D PTV method will be further 
developed and become a practical tool to investigate complex three-
dimensional flows. 
Dracos and Malik (ETH Zurich) [5] present only development in own 
laboratory and results of validating it against own simulation (KSIM). 
Their procedure follows Kasagi and Nishino particle tracking technique. 
Experiments carried out in observation volume of 5x20x30cm3 in 
stirred ",'ater tank using 3 cameras. The average No of particles was 
about 1000, the number of particle coordinates determined 850 and the 
number of vectors determined 800 per frame. Conclusions are only 
devoted to possible improvement of own method. 
Similarly, Kasagi and Sata (Tokyo) [6], concentrate only on own various 
applications of 3D PIV technique. The technique is an improved Nishino 
et.al method. Authors present successful applications of the method at 
University of Tokyo for complicated water and, in one case, air flow. As 
the main challenges for the future development of 3D PIV authors state: 
(i) extension of Re number over present limits of about 104 , 
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(ii) increase in the yield of velocity vectors measured, and (iii) 
simplification of the camera calibration procedures for user-friendly 
PIV. 
Yang [8] in his latest book addresses the possibilities of PIV!PTV 
technique only marginally, as one of many other techniques. Principles 
of 3D PIV Nishino's techniques are shown. In general, present and 
potential applications of 3D PIV seem to be underestimated. 
2 3D PTV techniques 
Available descriptions of 3D PTV techniques allow to group them under 
the following names: 
Stereoscopic camera and auto-correlation interrogation technique 
developed by Adrian et.al [3]. The stereoscopic system employed is 
shown compared with previous stereoscopic PIV and explores the 
accuracy and resolution that are available. The influence of refraction is 
analyzed. The flow was seeded with 10,Um silver-coated hollow glass 
spheres and illuminated by two pulse lasers. Stereo camera was used for 
recording pictures at 3D grid. The back plane was moved to resolve flow 
direction. Photographic negatives are digitized and vectors found using 
auto-correlation technique. The results show 3D flow under rotating 
disc, with high accuracy. 3D PIV is seen as an easy extension of 2D PIV. 
The method is complicated, due to the necessity of using photographic 
technique and image-shifting for determination of flow direction in 
employed auto-correlation algorithm. 
3D multiframe tracking method developed by Nishino [7], Kasagi and 
Sata [6,9], Kobayashi and Saga [14] as well as Maas, Dracos and Malik 
[5,15]. The method employs consecutive flushes synchronized with TV 
frequency (1/30 or 1/60s). Images are recorded by 3 CCD cameras on 
three VCR-s [15], an analogue disk recorder [14] or simultaneously on 
three laser disc recorders [9]. Data reduction scheme is classified as 
camera calibration (11 parameters) and particle tracking. Firstly, particles 
of a size of (4-9) pixels average are identified and their position in 3D is 
decided. In photogrammetry method [14,15] the epipolar geometry is 
used to determine a particle position from 2 or 3 images. Particles are 
traced along possible trajectories over two to four time steps. Every 
particle position in the search region is stored as a candidate terminal 
position the resultant trajectory is judged in the next step. The method 
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with some data processing modifications has been successfully 
employed for different, complicated water and other fluids as well as air 
flow measurements [5-9,14]. 
The method mostly relies on the computational speed of vast number of 
cross-correlation, what is necessary for tracking of particle motion over 
tree or more consecutive frames. 
Stereo pair matching and 3D cross-correlation PTV developed by 
Yamamoto and Uemura [10-13]. 2 or 3 CCD cameras can be employed. 
Particle 3D coordinates are decided based on a new stereo pair 
matching method using binary image data, including corrections for 
light refraction [12]. Employed fast particle tracking algorithm allows for 
following the particle movement between images within its specific 
neighbour particle pattern. The method proved to be very successful in 
various flow measurements [10-12]. The comparison of the new stereo 
pair matching method with Murai's method can be found in [13]. 
The method takes the advantage of optical concept employed for stereo 
pair-matching for the determination of 3D particle position and then use 
fast algorithm for tracing particle motion. 
Liquid crystal thermography with color image processing (PITY) was 
developed by Kobayashi and Saga [14], additionally to 3D multiframe 
particle tracing method (described earlier). Flow field is observed by 
color and monochrome cameras. Particle tracking is similar to 3D PTV 
technique. Additionally to flow field, temperature field can be identified. 
Colour image processing was introduced by Kimura and Kohno [16]. 
One camera is used, particles are visualized by a colour spectrum slit 
method using a prism. The method combines 2D PTV cross-correlation 
technique based on Nishino method [7] and colour of tracer particle to 
determine its third dimension position. The method proved to be easily 
obtained from 2D PTV but the system does not give as many vectors as 
a conventional 3D method because particles are seen from one direction 
and their are likely to overlap. 
The method is in fact an extension of typical 2D PTV in third dimension 
and supports 2D data with some information about depth of a specific 
particle. 
Velocity Vector Histogram (VYH) method was proposed by Okamoto 
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[17]. Two cameras are employed. The method differs from the previous 
because of determining a true velocity vector directly from all velocity 
vectors considered. This increases the identification precision but must 
result in much slower data processing. 
3D PIV method used by Kent et.al [18,19] for full-field measurements in 
water model of piston engine. System employs 2 CCD cameras. 
3 Supplementary techniques 
Kalman filter method suggested by Yagouh et.al [20,21]. The method 
employs Kalman filter algorithm for tracking of particles in four 
consecutive steps. Authors claim high accuracy of determination of 
particle position and resulting field of velocity vectors. Unfortunately, the 
majority of method validation has been done through numerical 
simulation. Only recently [21] the method was reported to be verified by 
rotating fixed particle pattern and brought similar results to 4-
consecutive-step method. 
The technique is supposed to be supplementary to other techniques to 
increase the accuracy of experiments. 
Interpolation techniques are discussed by Robinson and Rockwell [22]. 
The concept of 3D flow field reconstruction relies on series of velocity 
vectors in parallel planes and additionally one cross-plane scan. For 
PTV, where velocity vectors are scattered randomly, two interpolation 
methods are analyzed: exact, Spline Thin Shell (STS) and Adaptive 
Gaussian Window (AGW) filter. After determining velocity vectors in 
plane grid points, the out-of-plane velocity component is computed 
based on the continuity equation and data for the intersecting plane. 
Both methods are applied to the simulation of two 3D flows, with 
simulation of noise level in velocity data. Presented paper shows some 
problems met during the reconstruction of 3D fields and could be useful 
for image processing development. 
4 Others 
Semiautomatic PIV method was used by U drea [23]. Low particle 
concentration was used, illuminated by pulsed lamp (100pulse/s). 2 CCD 
cameras were mounted with angle between axes of 6deg. Up to 8 frames 
was loaded to main memory board. Data processing was achieved 
through employing of specialized software. Presented results are of the 
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preliminary stage. 
Laser Sheet Scanning System (LSSS) is proposed by Shouping [24]. He 
employed a high-speed camera for taking consecutive pictures of flow 
field scanned by a laser sheet. Third velocity component is found from 
continuity equation, from adj acent sheets. The method is really a 2D 
PIV with some information about the flow along plane surfaces, without 
particle tracking. 
5 Challenges in 3-D flow field measurements 
The advantages of 3D PTV for flow measurements shall soon prove that 
the technique is the most suitable for wide scale use in research 
laboratories, of different background. In order to achieve that goal, the 
following problems shall be solved: 
Fast and reliable algorithms for PIV 
Improved spacial resolution, temporal resolution and mismatched 
vector correction 
Real-time measurements, high accuracy measurements, 
development of user-friendly PlY systems (hardware and software) 
Extraction and production of physical information from velocity 
data 
Data presentation: rendering of results, animation 
New applications, including: measurements of turbulent flow, 
multiphase flow, internal flow of fluid machines, bioengineering, 
medical engineering, environmental engineering, energy 
engineering, development of new materials, and so on. 
Simultaneous measurements of flow velocity and temperature. 
Successful development of the 3D PTV technique should open new 
experimental possibilities and should stimulate innovative science and 
engineenng. 
Literature 
1. Keane R.D., (1993) Correlation methods of PIV analysis, RIS0 
Seminar on Optical Diagnostics for Flow Processes, September 26 
- October 2, 1993, Denmark, 29pp. 
2. Keane R.D., (1993) Applications of PIV in experimental fluid 
mechanics, RIS0 Seminar on Optical Diagnostics for Flow 
275 
Processes, September 26 - October 2, 1993, Denmark, 20pp. 
3. Prasad AK. and Adrian R.J., (1992) Stereoscopic particle image 
velocimetry applied to liquid flows, Proc. 6th. Int. Symp.on 
Applications of Laser Techn. to Fluid Mech., July 20-23, Lisbon, 
Portugal, paper 6.1. 
4. Chen C.J., Chen L.J. and Kim Y.G., (1992) Quantitative flow 
visualization of three dimensional flow, (In) Y.Tanida, H.Miyashiro 
(Eds.) Flow Visualization VI, Proc. of 6th Int. Symp. on Flow 
Visualization, Oct. 5-9, Yokohama, Japan, pp.3-11. 
5. Dracos T. and Malik N.A., (1992) 3D Particle Tracking Velocimetry 
- its possibilities and limitations, (In) Y.Tanida, H.Miyashiro (Eds.) 
Flow Visualization VI, Proc. of 6th Int. Symp. on Flow Visualization, 
Oct. 5-9, Yokohama, Japan, pp.785-791. 
6. Kasagi N. and Sata Y., (1992) Recent developments Three-
Dimensional Particle Tracking Velocimetry, (In) Y.Tanida, 
H.Miyashiro (Eds.) Flow Visualization VI, Proc. of 6th Int. Symp. on 
Flow Visualization, Oct. 5-9, Yokohama, Japan, pp.832-837. 
7. Nishino K., Kasagi N. and Hirata M., (1989) Tree-Dimensional 
Particle Tracking Velocimetry based on automated digital image 
processing, Trans. ASME, J.Fluids Eng., Vol.111, No.4, pp.384-391. 
8. Yang W.-J. (1994) Computer-assisted Flow Visualization: Second 
Generation Technology, CRC Press, Ann Arbour. 
9. Sata Y. and Kasagi N., (1992) Improvement toward high 
measurement resolution in Three-Dimensional Particle Tracking 
Velocimetry, (In) Y.Tanida, H.Miyashiro (Eds.) Flow Visualization 
VI, Proc. of 6th Int. Symp. on Flow Visualization, Oct. 5-9, 
Yokohama, Japan, pp.792-796. 
10. Yamamoto F., Uemura T., Iguchi M. and Koukawa M., (1991) A 
binary correlation method using a proximity function for 2D and 
3D PTV, (In) B.Khalighi, Braun M.J. and Freitas C.J. (Eds) 
Experimental and Numerical Flow Visualization, Proc. Winter Ann. 
Meeting ASME, Dec.1-6, Atlanta, FED-Vol.128, pp.23-28. 
11. Yamamoto F., Uemura T., Tian H.Z. and Ohmi K., (1993) Three-
276 
Dimensional PTV based on binary cross-correlation method 
(algorithm of particle identification), JSME Int. Journal, Ser. B, 
Vo1.36, No.2, pp.279-284. 
12. Uemura T., Yamamoto F., Iguchi M., Morita Z., Usui T. and Ohta 1 
(1993) PTV measurements of a three-dimensional particle motion in 
a bubbling jet mixing water vessel, (in) JJ.Connor, S.Hernandez, 
T.K.S.Murthy and H.Power (Eds.) Visualization and Intelligent 
Design in Engineering and Architecture, Proc. 6th. Int. Conf. on 
Compo Methods and Exp. Measur. 93, April 28-30, Southampton, 
CMP, pp.389-403. 
13. Yamamoto F., Ohta 1., Koukawa M., Iguchi M. and Inoue K., (1994) 
Discussion of two stereo pair matching techniques for 3D PTV, 
Proc. 3rd Asian Symp. on Visualization, May 15-19, Chiba, pp.687-
692. 
14. Kobayashi T. and Saga T., (1994) Full-field measurement system by 
digital image processing; development and application, Proc. 3rd 
Asian Symp. on Visualization, May 15-19, Chiba, pp.693-698. 
15. Maas H.-G., (1991) A high-resolution photogrammetric 3-D Particle 
Tracking Velocimeter, (In) B.Khalighi, Braun MJ. and Freitas CJ. 
(Eds) Experimental and Numerical Flow Visualization, Proc. Winter 
Ann. Meeting ASME, Dec.1-6, Atlanta, FED-Vol.128, pp.79-84. 
16. Kimura I. and Kohno Y., (1991) Measurements of three-dimensional 
flow velocity vectors using tracer images visualized by a colour 
spectrum, (In) B.Khalighi, Braun M.J. and Freitas C.J. (Eds) 
Experimental and Numerical Flow Visualization, Proc. Winter Ann. 
Meeting ASME, Dec.1-6, Atlanta, FED-Vol.128, pp.33-40. 
17. Okamoto K., (1992) Three-dimensional Particle Image Velocimetry 
using velocity vector histogram, (In) Y.Tanida, H.Miyashiro (Eds.) 
Flow Visualization VI, Proc. of 6th Int. Symp. on Flow Visualization, 
Oct. 5-9, Yokohama, Japan, pp.827-831. 
18. Rimai L., Adamczyk A.A., Mikulec A and Kent lC., (1990) 
Quantitative three-dimensional reconstruction of flow fields from 
orthogonal views of particle tracks: application to a water analog of 
a piston engine. (In) R.Reznicek (Ed.) Flow Visualization V, Proc. of 
5th lnt. Symp. on Flow Visualization, Aug.21-25, 1989, Prague, 
277 
Czechoslovakia, pp.791-796. 
19. Kent J.C., Triguli N., Choi W.C. and Guezenner Y.G., (1994) 
Detailed measurements in-cylinder using water analog simulation 
and 3-D Particle Tracing Velocimetry, Proc. Int. Sem. Optical Meth. 
and Data Proc. in Heat and Fluid Flow, April 14-15, London, 
pp.69-74. 
20. Yagoh K, Ogawara K. and !ida S-I., (1992) The Particle tracking 
Method using Kalman filter, (In) Y.Tanida, H.Miyashiro (Eds.) Flow 
Visualization VI, Proc. of 6th Int. Symp. on Flow Visualization, Oct. 
5-9, Yokohama, Japan, pp.838-842. 
21. Yagoh K, Ogawara K. and !ida S-J., (1993) Application of Kalman 
filter to three-dimensional flow measuring system based on digital 
image processing, JSME Int. Journal, Ser. B, Vo1.36, No.2, pp.285-
293. 
22. Robinson O. and Rockwell D., (1993) Construction of three-
dimensional images of flow structure via particle tracking 
techniques, Experiments in Fluids, Vol.14, pp.257-270. 
23. Udrea D.D., Bryanston-Cross P. and Funas-Gallanzi M., (1994) 
Demonstration of a use of a non-coherent light source for stereo 
particle velocity measurements at up to 2m/sec in air, Proc. Int. Sem. 
Optical Metlt. and Data Proc. in Heat and Fluid Flow, April 14-15, 
London, pp.95-98. 
24. Shouping D., (1994) A PIV study of 3-D flow with laser sheet 
scanning system, Proc. 3rd Asian Symp. on Visualization, May 15-
19, Chiba, p.729-732. 
278 
